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Mid-IR Amplification Based on a Pr**: InF;
Optical Fiber in the Range 3.8 — 4.2 um

Antonella Maria Loconsole

Abstract—In this article, for the first time, to the best of our
knowledge, a fiber optic amplifier, operating in the middle-infrared
wavelength range, has been designed, considering a single mode
fluoroindate optical fiber, doped with praseodymium. After the
electromagnetic investigation of the fiber, the design of the op-
tical amplifier has been performed via a home-made computer
code solver, employing measured spectroscopical parameters. The
validated code solves the rate equation and the power propaga-
tion equation of the pump, the signal, and Amplifier Spontaneous
Emission noise, considering the first and second order phenomena.
The designed optical amplifier is very promising, exhibiting high
simulated gain G = 32.6dB and a wide —3 dB bandwidth of
115 nm with noise figure N F' = 6 dB around the central signal
wavelength 4,0m, for input pump power P, = 2 W, input signal
power P, = —30 dBm, and pump wavelength A, = 1.55 pm.
This work suggests that high-performance Mid-IR optical amplifier
could be fabricated considering feasible fluoroindate optical fiber
doped with praseodymium providing for the first time the design
parameters.

Index Terms—Doped fiber amplifier, fluoroindate glass, mid-IR
device, praseodymium, rare-earth doping.

1. INTRODUCTION

HE exploitation of middle-infrared (Mid-IR) wavelength
range promises high impact in different fields such as
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sensing, communication, medicine, and aerospace. Several de-
vices have been proposed in this wavelength range such as
continuous wave (CW) and pulsed lasers [1], [2], [3], [4], [5],
[6], [7], [81, [9], [10], supercontinuum sources [11], [12], [13],
sensors [14], [15], [16], and optical combiners [17], [18]. Their
construction has been performed by employing different glasses
such as fluoride, chalcogenide, and germanate ones [19], [20],
[21]. In particular, in the last years, several Mid-IR fiber optical
amplifiers have been experimentally demonstrated [22], [23],
[24] or simulated [25], [26], [27], [28]. As examples, erbium-
doped ZBLAN (Er’T:ZBLAN) fiber amplifiers, with central
wavelength A, = 2.7 pum [22]; high power and polarization
maintaining optical amplifiers based on fluoride glass doped
with erbium (Er**:ZFG) with central wavelength A = 2.8 ym
[23]; fluoride fibers doped with erbium (Er**:ZFG) for am-
plification of nanosecond pulses at A = 2.79 pm [24]; chalco-
genide fibers doped with praseodymium (Pr’*:GeAsFaSe) for
amplification at wavelength A = 4.3 pm [25]; broadband am-
plifiers based on chalcogenide fiber doped with i) dysprosium
(Dy**:GeAsFaSe), and ii) terbium (Tb3*:GeAsFaSe) for am-
plification of ultrashort pulses [26]; Master Oscillator Power
Amplifier (MOPA) based on a chalcogenide glass doped with
dysprosium (Dy3+:Ga5GCQOSb10865) with central wavelength
As = 4.38 pm [27]. Alternative solutions for amplification at
central wavelength A; = 2.77 pum can be obtained coupling
tapered fiber with microsphere, employing chalcogenide glass
doped with erbium (Er**:GasGeooSb10Ses) [28].

To the best of our knowledge, fluoride glasses doped with
praseodymium have never been employed to obtain optical
amplifiers working in Mid-IR range. Praseodymium-doped
ZBLAN (Pr3*:ZBLAN) glasses have been employed to design
optical amplifiers working in the Near Infrared (NIR) range [29],
[30], [31].

In this paper, for the first time, a Mid-IR optical amplifier
based on a praseodymium-doped fluoroindate glass (Pr’*:InFs),
working at central wavelength A =4 pm is designed and
optimized. The parameters useful for the fabrication of a high
gain and wide bandwidth Mid-IR optical amplifier, that could
be integrated into an all-in-fiber system operating in the Mid-IR
range, are provided. The considered rare earth doped fiber is fea-
sible since it is available on market with a higher concentration.
The all-in-fiber system could include commercial fiber pumping
lasers (e.g., erbium doped fiber), and Mid-IR devices such as
combiners or couplers that have been recently designed and
realized [17], [18]. The work is presented as follows: a summary

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Six-levels energy diagram of Pr**:InF3 glass: pump absorption (dashed black arrow), stimulated emission at s = 4 pm (solid dark red arrow), stimulated

emission at A; = 3.56 pm (solid red arrow), radiative (solid green arrows) and non-radiative (curve black arrows) emissions, Excited State Absorption (ESA)
(dashed blue and violet arrows), up-conversion (UP) (light-blue dotted arrows) and cross-relaxation (CR) (orange and yellow dotted arrows).

of the employed theory of the optical amplifier is reported in
Section II; the amplifier model and the parameter employed in
the design are reported in Section III; the model validation is
reported in Section IV; the main results useful for fabrication
are reported in Section V; and the conclusions are reported in
Section VI.

II. FIBER OPTIC AMPLIFIER MODEL

Fig. 1 shows the complete five-levels energy diagram and
the energy transitions of the Pr3T:InF3. The fiber is pumped
at wavelength A, = 1550 nm, and emits in the band around
wavelength A, =4 pm. The emission phenomena to be con-
sidered are depicted with solid arrows, while the absorption
phenomena are depicted with dashed arrows. In the Pr3*:InF;
energy diagram the following energy transitions are considered:
i) pump absorption, ii) stimulated emission, iii) radiative and
nonradiative emissions, iv) Excited State Absorption (ESA),
v) up-conversion (UP) and vi) cross-relaxation (CR) phenomena
[32], [34]. To solve the ions concentration of each energy level

Ny, ..., Ng, the following rate equations system can be written:
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where A; ; and Wy g;_;, are the spontaneous radiative and non-
radiative decays between the i-th and j-th levels, respectively; 7;
is the lifetime of the i-th level; and W g is the cross-relaxation

rate.
The pump Wf ;» the signal W7, and the Amplified Sponta-

neous Emission (ASE) W/4* transition rates are defined by the
following equations:

i j (Mp,s) Tps (hpys) P

D,s —
Wi7j (Z) - hCO/)‘p,s Ay p;s (Z)
“+o0
ASE [\ _ oi; (A) I'(2)

where o0; ;(1) is the cross section between the i-th and j-th
levels at the wavelength A; I is the overlap coefficient between
the doped area and the electromagnetic beam profile at the
wavelength X [3], [7], [9], [27]; h is the Planck constant, cg is the
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speed of light in vacuum; A4 is the core doped area; P, s(z) is the
pump or signal pump; Sasg(z, A) is the ASE power spectrum
density.

The rate equations system (1) can be solved in steady state
conditions, considering the conservation of ions concentration
N; 4+ Ny + N3+ Ny + N5 + Ng = Np,.

The following three equations have been considered to model
the pump power, the signal power, and the ASE power spectral
density as a function of the fiber length z:

% ={gp (%p) —a(Ap)} Py (2)
08 0.6~ 0O Ao
356% = £ {[~034 (L) N3 (2) + aa3 (}) Ny (2)

— 045 (A) Ny (2) + 054 () N5 (2)]T' (M) — a(2)}
- Shsp (A 2) £ ag (A) 3)

where Sj sp(A,z) are the forward (4) and backward (—)
ASE power spectral density along the fiber; g, and g, are the
gain coefficients for the pump and the signal; and ag, (1) =
2hco /A (043(A)Ny(2) + 054(X)N5(2))T'(1) is the spontaneous
emission term. The overlap coefficient for the i-th wavelength
T'(A;) is defined by following expression:

o, 1B (wy)Pda dy
[ |E: (2, y) P da dy

where E; (2, y) is the distribution of the electric field in the doped

cross-section area A, and in the total cross-section area A.

The gain coefficient for the pump g,, and for the signal g, are
defined as

I'(n) “)

9p = [=014 (Ap) N1 (2) + 041 (Ap) Na (2) — 025 (Ap) N2 (2)
+ 052 (Ap) N5 (2) — 056 (Ap) N5 + 065 (Ap) NI,

gs = [—034 (As) N3 (2) + 043 (As) Nu (2) — 045 (hs) Na (2)
+ 054 (As) N5 (2)]Ts &)

To solve the differential (1) the following conditions are
imposed:

P, (0) = Pyo
P; (0) = Pso
SaseT (0,1) =0
Sase” (L,A) =0 (6)

Finally, the gain G and the noise figure N F' for small signal
operation of the fiber optic amplifier are defined by the following
equations:

_ b1
()
+
NF = 10log <é <1 + —SAShEC /&L”\S)» (7)
0/ s
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III. FIBER OPTIC AMPLIFIER DESIGN

The fiber considered in the design of the optical amplifier
is a single mode fluoroindate praseodymium-doped fiber. It is
available on market, even if with a higher concentration [33]. To
reduce the drawbacks related to the ion-ion interactions, the con-
centration quenching, and the glass cracking/crystallizations,
a lower dopant concentration is considered. The fiber has a
double cladding, with the following geometric parameters: core
diameter d., = 7.5 um, inner cladding diameter d.;; = 125 um,
outer cladding diameter d.;5> = 180 pm. The inner cladding has
a 2-D shape, obtained by making a cut at distance d = 115 pum.
The praseodymium concentration is fixed at Np,, = 2000 ppm.
The refractive index dispersion for fluoroindate glass has been
taken from [18], [33]. The refractive index of the core, inner
cladding, and outer cladding at pump wavelength A, = 1.55 um
are neo (Ap) = 1.4881, 1y in (Ap) = 1.4746, and ney oyt (Ap) =
1.3872, respectively. The refractive index of the core, the inner
cladding and the outer cladding at central wavelength of the
signal s = 4 pm are ne, (As) = 1.4721, nepin (As) = 1.4585,
and neour (As) = 1.3785, respectively. The fiber exhibits a
monomodal behavior at both pump wavelength A, = 1.55 um
and signal wavelength A = 4 pum. The attenuation coefficient
for the pump and signal is chosen equal to o = 0.2 dB/m. This
value is higher than the actual one, thus chosen in precautionary
way [33].

The electromagnetic investigation of the fiber has been per-
formed via a Finite Element Method (FEM) software. In par-
ticular, the modal analysis of the fiber has been carried out to
calculate the modal propagation constants, the electromagnetic
field profiles and the overlapping coefficient for the pump and
the signal I, ;. The pump overlap coefficient is I',, = 0.899 at
wavelength A, = 1.55 um. The overlap coefficient of the signal
decreases almost linearly with the wavelength, from I'y = 0.57
atA; =3 umto 'y =0.21 at Ay, = 4.5 um.

The design has been performed with a home-made code
solver, employing the spectroscopical parameters of Table I
[32], [34], [35], [36], [37]. The developed computer code solves
the rate-equations system and power propagation equations for
the pump, the signal, and the backward and the forward ASE
noise. It has been validated with experimental results taken from
literature [32]. The validation is reported in Section IV.

Fig. 2 shows the absorption and emission cross section for
fluoroindate glass between the Iy 3 — Hg levels (blue lines)
and G4 — F} 3 (black lines) levels. The emission cross section
(solid curves) is taken from literature [32], while the absorption
cross sections (dashed curves) are calculated with McCumber
equation [32], [38]. The absorption cross-section calculated at
the wavelength A, = 4 pm is in agreement with the value re-
ported in [32]. The absorption cross section values for the pump
between the H, — I 3 levels, and the emission cross section
for the ESA between the G4 — Hj levels and the Dy — Gy
are taken from the literature [9], [37], [39], [40], [41].

In the design of the optical amplifier, several simulations have
been performed. Gain and noise figure have been investigated as
function of input signal power P, input pump power P,, fiber
length L, and signal wavelength A,. The pump wavelength A, is
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TABLE I
PR3+:INF3 GLASS SPECTROSCOPICAL PARAMETERS

Symbol  Value Description Reference
T, 79 ms Hs Energy level lifetime [34]
T3 57ms Hg Energy level lifetime [34]
T, 2.28ms F, 3 Energy level lifetime [32]
Ts 2.35ms G, Energy level lifetime [32]
T 0.41ms D, Energy level lifetime [37]

Ay 12.63s71 Radiative rate Hs — H, [32]
Agq 10.92s71 Radiative rate Hy — H, [34,35]
Az, 6.63s71 Radiative rate Hg — Hyg [34, 35]
A 276.58 s71 Radiative rate F, ; = H, [32]
Ay 121.54s71 Radiative rate Fy, ; — H; [32]
Ays 40.53s71 Radiative rate F, 3 — Hy [32]
Asy 2472571 Radiative rate G, — H, [32]
As, 260.68 s71 Radiative rate G, = Hs [32]
Agg 120.60 s71 Radiative rate G, — F,, Hg [32]
Asy 19.45s71 Radiative rate G, = F, 5 [32]
Agr 800 st Radiative rate D, — H, [37]
Aqz 14571 Radiative rate D, — Hg [37]
Agz 840571 Radiative rate D, — F,, Hg [37]
Ags 555571 Radiative rate D, — F, 3 [37]
Ags 23057t Radiative rate D, — G, [37]

Wygor ~— 499987 s71 Non-radiative rate Hs > H, [34]

Wyrs2 6664 571 Non-radiative rate Hg — Hg [35]

Wyraz 7305571 Non-radiative rate F, 3 = Hg [35]

Wyrs: 14514 s71 Non-radiative rate G, = H, [36]

Wert 1800 st Cross relaxation 1 rate [34]
Wer2 267057t Cross relaxation 2 rate [34]
Wyp 47 st Up-conversion rate [34]
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Fig.2. Cross sections of Pr>*:InF3 glass as a function of the wavelength, for
emission Fy 3 — Hg (blue solid curve) [32], emission G4 — F} 3 (black solid
curve) [32], absorption Hg — F4 3 calculated via McCumber equation (blue
dashed curve), and absorption Iy 3 — G4 calculated via McCumber equation
(black dashed curve).

fixed at A,, = 1.55 pm, in order to consider a low-cost feeding
diode eventually pumping an erbium doped fiber laser.

IV. MODEL VALIDATION

For the validation of the home-made solver, the measured
emission intensity I, at signal wavelength A, = 4 pm for the
bulk glass, reported in [32], has been considered. As reported in
previous works, it is possible to compare the emission intensity
1. with the gain coefficient g4 [7], [42]. For a proper compari-
son, they are normalized with respect to their maximum value,
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Fig. 3. Measured normalized emission intensity Ie norm (red crosses) [32]
and simulated normalized gain coefficient gs norm (blue circles) at signal
wavelength A = 4 pm as a function of the dopant concentration Np,..

obtained at Np,. = 4000 ppm. The gain coefficient g5 has been
calculated, see (5), at signal wavelength A, = 4 pm for different
concentrations of praseodymium N p,., and normalized.

Fig. 3 shows the measured normalized emission intensity
I norm (red crosses) [32] and the simulated normalized gain co-
efficient g ,,0rm (blue circles) at signal wavelength A, = 4 ym
as a function of the dopant concentration N p,.. All the points are
in good agreement, confirming the good approach of the model.

Similar solver codes, based on the rate equation approach,
have been employed for the design of a number of optical
devices. As examples: i) CW and pulsed lasers based on a
holmium-doped fluoroindate fiber, providing results comparable
with experimental results taken from literature [3], [7]; ii) a
CW laser based on praseodymium-doped fluoroindate fiber [9];
iii) a MOPA amplifier based on a dysprosium-doped chalco-
genide fiber [27]; iv) a CW laser based on an erbium-doped
fluoroindate fiber [43].

V. DESIGN AND RESULT DISCUSSION

The optical amplifier is designed to operate at the signal wave-
length A4 =4 pm, considering dopant concentration Np, =
2000 ppm, and pump wavelength A, = 1.55 pim.

Fig. 4 shows the amplifier gain G as a function of input signal
power P for different values of input pump power P, = 0.5 W
(solid curve), P, = 1 W (dashed curve), P, = 2 W (dot-dashed
curve) and P, = 3 W (dotted curve), for the fiberlength L = 3 m
and signal wavelength A; = 4 pm. The saturation input signal
power q“z o¢» limiting the amplifier linear behavior, is defined as
the input signal power where the gain G drops of —3 dB below its
unsaturated value [42], [43]. It decreases by increasing the input
pump power P, itbeing Pi".,, = 8 dBm, P{",,, = —1.5 dBm,

in = —14.7dBm, PI",,, = —14.8 dBm, for the input pump
power of P, =05W, P,=1W, P, =2W,and P, =3 W,
respectively.

Fig. 5 shows the gain G as a function of input signal power
P for different values of fiber length L = 1 m (solid curve),
L = 2 m (dashed curve), and L. = 3 m (dot-dashed curve), for
input pump power P, = 2 W. The saturation input signal power
decreases when the fiber length L is increased. In particular, for
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Fig. 4. Gain G as a function of input signal power Ps, for different values
of input pump power P, = 0.5 W (solid curve), P, = 1 W (dashed curve),
P, = 2 W (dot-dashed curve) and P, = 3 W (dotted curve), for the fiber length
L = 3 m, and signal wavelength A3 = 4 pm.
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Fig.5. Gain G as a function of input signal power P for fiber length L = 1 m
(solid curve), L = 2 m (dashed curve), L = 3 m (dot-dashed curve), for input
pump power P, = 2 W, and signal wavelength s = 4 pm.
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Fig. 6.  Gain G as function of input pump power P, for fiber length L = 1 m
(solid curve), L = 2 m (dashed curve), and L = 3 m (dot-dashed curve), for
input signal power P; = —30 dBm, and signal wavelength A; = 4 pm.

L > 3 m, the characteristic becomes quite linear. Therefore, in
the next simulations, fiber length . = 3 m has been considered
an upper limit and an input signal power of P, = —30 d Bm has
been chosen, in order to work in linear small-signal regime.
Fig. 6 shows the gain G as a function of input pump power
P, for different values of fiber length L = 1 m, (solid curve),
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Fig. 7. Gain G as function of fiber length L, for input pump power P, =
0.5 W (solid curve), P, = 1 W (dashed curve), P, = 2 W (dot-dashed curve),
and P, = 3 W (dotted curve), for input signal power P; = —30 dBm, signal
wavelength A = 4 pm.

L = 2 m (dashed curve), L. = 3 m (dot-dashed curve), for input
signal power P; = —30 dBm. There are three pumping ranges:
the under pumped regime(F, < P, ;,,,) where the population in-
version is not reached, the non-complete inversion regime (P, >
P, inv), and the complete inversion regime (P, >> P, ;n,) [38],
[44], [45]; therefore P, ;;, = 0.6 W is the minimum value
allowing the correct operation for the fiber length L = 1 m.

Fig. 7 shows the gain G as function fiber length L for different
value of the input pump power P, = 0.5 W (solid curve), P, =
1 W (dashed curve), P, = 2 W (dot-dashed curve), and P, =
3 W (dotted curve), for input signal power P; = —30 dBm. The
gain reaches a maximum value and then slightly decreases for
increasing fiber length.

Fig. 8 shows (a) the gain G and (b) the noise figure N F' as
a function of the input signal wavelength A for different value
of the input pump power P, = 0.5 W (solid curve), P, = 1 W
(dashed curve), P, = 2 W (dot-dashed curve), and P, =3 W
(dotted curve), for fiber length L = 3 m. The maximum gain
at the central wavelength A, =4 pym is G = 8.57 dB, G =
17.32 dB, G = 32.6 dB, and G = 32.65 dBm, for input pump
power P, =05 W, P,=1W, P,=2 W, and P, =3 W,
respectively. The bandwidth, calculated at —3dB, decreases
from B_zgp = 220 nm for P, = 0.5 W to B_3¢g = 95 nm for
P, =3 W. The noise figure NI decreases in the range A, =
3.5 — 4.5 pm. In the wavelength range s = 3.5 — 3.8 um, the
spontaneous emission phenomenon between the levels G, —
I 3 dominates the other phenomena, and this increases the noise
figure in this range. In the wavelength range As = 3.8 — 4.2 um,
the noise figure is about N F' = 6.3 dB. In the wavelength range
As = 4.2 — 4.5 pm, the noise figure N F' is less then quantum
limit (NF < 3dB) [38], [44], [45].

Fig. 9 shows (a) the gain G, and (b) the noise figure NF
as function of input signal wavelength A, for different fiber
length L = 1 m (solid curve), L = 2 m (dashed curve), L = 3m
(dot-dashed curve). An input pump power P, = 2 W is chosen
in order to work with complete population inversion. The max-
imum gain at the central wavelength A; = 4 ymis G = 11 dB,
G = 21.93 dB, and G = 32.14 dB, for fiber length L = 1 m,
L =2 m, and L = 3 m, respectively. The bandwidth, calcu-
lated at —3 dB, varies from B_34g = 165 nm for L = 1 m to
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TABLE II
COMPARISON BETWEEN OPTICAL AMPLIFIERS WORKING IN MID-IR AND NIR

Pump wavelength Central emission Input pump Input signal Gain Bandwidth
Ref. Glass Dopant A, [um] wavelength A, [um] Power P, [W] power P, [dBm] G [dB]  B_sas [nm]
[22] ZBLAN Er** 0.98 2.7 12.5 ~18 15.4 250
[23] ZFG Er** 0.98 2.8 9.63 ~13 > 20 95
[24] ZFG Er** 0.98 2.79 5.8 ~7.2 20 22
[25],[26] Chalcogenide P’ 1.55 4.3 0.37 -20 > 30 -
[26] Chalcogenide Dy* 1.3 4.4 0.26 —13 > 15 -
[26] Chalcogenide Tb** 2.0 4.9 0.28 -13 > 25 -
[27] Chalcogenide ~ Dy** 1.71 4.4 3 0 25-—-128 -
[28] Chalcogenide Er** 0.98 2.8 0.1 —50 33.7 -
This work InF; Pri* 1.55 4.0 2 —-30 > 30 130
30 30
20 20
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Fig. 9. (a) Gain G, and (b) noise figure NF' as function of input signal

Fig. 8. (a) Gain G, and (b) noise figure NF' as function of input signal
wavelength A, for input pump power P, = 0.5 W (solid curve), P, =1 W
(dashed curve), P, = 2 W (dot-dashed curve), and P, = 3 W (dotted curve),
for input signal power Ps = —30 dBm, and fiber length L, = 3 m.

B_34g = 110 nm for L = 3 m. The noise figure N F' decreases
in the range A; = 3.5 — 4.5 um. We note that we achieve gain
G > 30 dB in a wavelength range of over B = 130 nm with
noise figure NF' = 6 dB.

The optimized amplifier exhibits gain G = 32.1 dB, band-
width B_34g = 115 nm, and small signal regime till Pi" =
—14.7 dBm for input pump power P, = 2 W and fiber length
L = 3 m. Table Il reports a comparison between the fiber optical
amplifier proposed in this work, and other optical amplifiers
from literature [22], [23], [24], [25], [26], [27], [28]. The com-
parison takes into account the dopant ion, the pump wavelength
Ap, the central emission wavelength A g, the input pump power
P,, the input signal power P, the gain (G, and the bandwidth

wavelength A 5 for different fiber length L = 1 m (solid curve), L = 2 m (dashed
curve), L = 3 m (dot-dashed curve), for input signal power Ps = —30 dBm,
input pump power P, = 2 W.

around the central wavelength B_j34p, calculated at —3dB.
Compared to other fluoride fiber amplifiers, the one proposed in
this work operates in the wavelength range around A4 = 4 ym
with one of the widest bandwidths, the lowest input pump power
and a good gain. Amplification around similar central emission
wavelengths has been obtained only with chalcogenide fibers
with much higher input pump powers.

VI. CONCLUSION

In this paper for the first time to the best of our knowledge,
a Mid-IR optical amplifier based on a fluoroindate fiber doped
with praseodymium (Pr’*:InF3) has been designed. The behav-
ior of the optical amplifier has been investigated as a function of
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different input parameters. It works at central wavelength A, =
4 pm, when pumped at A, = 1.55 pm. The amplifier proves high
gain G = 32.1dB, noise figure NF' = 6dB £ 0.2 dB and wide
bandwidth B_34p5 = 115 nm, for input pump power P, = 2 W,
fiber length L = 3 m, and input signal power P, = —30 dBm.
The bandwidth above 30 dB gainis B = 130 nm. An all-in-fiber
amplifier could be based on commercial fiber pumping lasers
(e.g., erbium doped fiber), and the illustrated design, obtaining
high gain and wide bandwidth amplifier working in the Mid-IR.
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